INTRODUCTION
============

43 kDa trans-active response (TAR) DNA-binding protein (TDP-43) belongs to the family of heterogeneous nuclear ribonucleoproteins and has been reported to be involved in different aspects of RNA processing such as alternative splicing, RNA stability and transcriptional regulation ([@gkt189-B1]). In a range of neurodegenerative diseases such as frontotemporal lobar degeneration (FTLD) and Amyotrophic lateral sclerosis (ALS), TDP-43 is relocated from nucleus to the cytoplasm and sequestered in cytoplasmic or occasionally nuclear inclusions in which the protein is ubiquitinated, hyperphosphorylated and partially processed to yield C-terminal fragments ([@gkt189-B2],[@gkt189-B3]). Mutations in the highly conserved region of the gene that encodes TDP-43 (TARDBP) have been reported in sporadic (1.5%), familial (4%) ALS and in rare cases of FTLD as well ([@gkt189-B4],[@gkt189-B5]). However, over 90% of ALS and FTLD patients do not possess genetic alterations in the TARDBP locus. This is unlike the coding mutations reported in the SOD1 protein, which occurs in 20% of all familial ALS patients ([@gkt189-B6]) or in the prion protein (PrP) gene in case of the inherited form (15%) of human prion diseases ([@gkt189-B7]).

TDP-43 has two RNA Recognition Motifs (RRM) domains also known as RNA binding domains (RBDs). The RRM domain is the most abundant RBD and is present in ∼0.5--1% of human genes ([@gkt189-B8]) and is the most extensively studied RBD both in terms of structure and biochemistry ([@gkt189-B9]). Usually, RRM domains contain two octameric and hexameric consensus sequences known as Ribonucleoprotein 1 (RNP1) and Ribonucleoprotein 2 (RNP2), respectively. Most commonly, three aromatic side chain residues located in the conserved RNP1 (\[RK\]-G-\[FY\]-\[GA\]-\[FY\]-\[ILV\]-X-\[FY\], in β~3~-strand) and RNP2 (\[ILV\]-\[FY\]-\[LV\]-X-N-L, in β~1~-strand) sequence stretches accommodate 2 nt ([@gkt189-B10]). However, deviations from this basic mode of binding are found in many RRM--RNA complexes owing to various structural features. As far as TDP-43 is concerned, it has been reported that TDP-43 binds to UG-repeats with high affinity and RRM1 is necessary and sufficient for UG binding ([@gkt189-B11]). More recently, it has been shown that RRM2 also binds to nucleic acids but with reduced magnitude ([@gkt189-B12]). On a global scale, attempts have recently been made to identify the RNA targets bound by TDP-43 *in vivo* using various neuronal cell lines ([@gkt189-B13; @gkt189-B14; @gkt189-B15]) as well in healthy and diseased human brain tissues ([@gkt189-B16]) and in mouse brains ([@gkt189-B17]). These approaches have mostly used RNA immunoprecipitation-sequencing (RIP-seq) or cross-linking and immunoprecipitation (CLIP) approaches. Although these results still need to be analyzed more critically, as there is surprisingly little overlap (\>10%) between some of these studies ([@gkt189-B15],[@gkt189-B18]), the overall picture indicates that TDP-43 is associated with thousands of RNA sequences, which are mostly localized in long intronic regions of genes, their 3′ untranslated regions (3′-UTRs), as well as in several non-coding RNAs. Most of these binder sequences contain either canonical or slightly distorted UG-repeats of various lengths. However, there are also many sequences that do not contain any UG-repeats, but were still found to bind specifically to TDP-43.

The functional significance of these interactions between TDP-43 and non-UG-repeat containing RNAs as compared with UG-repeat containing RNAs is currently poorly understood. The only exception to this is represented by the presence of several CLIP-derived sequences in the 3′UTR region of TDP-43 (listed in [Figure 1](#gkt189-F1){ref-type="fig"}) called TDPBR for TDP-43 Binding Region ([@gkt189-B19]). Binding of TDP-43 to the TDPBR has been found to be important for the autoregulation process of this protein ([@gkt189-B19]). A more in-depth analysis of this autoregulation process established that excess TDP-43 binds to this region resulting in Polymerase II stalling, which leads either to premature transcript termination or increased removal of a normally silent intron (intron 7). Most importantly, intron 7 excision has the effect of removing the most efficient polyadenylation site of the TDP-43 gene (pA~1~), forcing the polyadenylation machinery to use several alternative polyA sites that are localized downstream of pA~1~. The use of these polyA sites gives rise to transcripts that are mostly nuclear retained and are thus unable to sustain efficient translation of the protein ([@gkt189-B20]). Figure 1.(**A**) Illustrates a schematic representation of TDP-43 gene showing the coding exons (black boxes), untranslated region (grey box), TDPBR (shaded box) and polyadenylation sites (black lines). The CLIP sequences analyzed in this study are shown in bold and underlined. Sequence of mutated CLIP34nt (CLIP34nt_UG6) is also shown below. (**B**) Shows an EMSA binding analysis of CLIP sequences: γ-P^32^ ATP labelled RNA oligonucleotides of CLIP sequences were mixed with GST tagged TDP-43 (101--261) and subjected to EMSA analysis. (**C**) Shows the binding profile of (B) following UV-cross-linking.

In this work, we investigated the TDP-43--RNA binding process and, in particular, how the different CLIP sequences present in the TDPBR recognize and interact with TDP-43. In fact, in most cases, protein and RNA recognize each other by an 'induced fit' causing conformational changes in the protein ([@gkt189-B21]), the RNA ([@gkt189-B22]) and sometimes both ([@gkt189-B23],[@gkt189-B24]). Loops connecting β-strands and α-helices can also be crucial for nucleic acid recognition by providing specificity and can also undergo conformational changes on RNA binding ([@gkt189-B25]). Our analysis provides direct evidence suggesting that the local concentration of UG dinucleotides in the CLIP sequences and changes in the RNA conformation (but not protein) represent the major factors influencing their binding with TDP-43 in solution. In addition, our data demonstrated that the binding affinities are 10-fold lower for TDPBR sequences than for perfect UG-repeat sequences. This difference may have a physiological significance in view of the need of multiple low affinity sequences for the proper functioning of the self-regulation process ([@gkt189-B20]).

MATERIALS AND METHODS
=====================

Protein expression and purification
-----------------------------------

Expression and purification of pGEX-3X GST-TDP (101--261) was performed as previously described ([@gkt189-B26]). A His-tagged TDP (101--261) was produced by a fragment encoding RRM1, and RRM2 of human TDP-43 (residues 101--261) was amplified from pGEX-3X TDP-43 using HisTDPFwd (5′-cgcggatcccagaaaacatccgatttaata-3′) and HisTDPRev (5′-cccaagcttttattcggcattggatatatgaac-3′) primers, which incorporate BamHI and HindIII restriction sites, respectively. The PCR-amplified DNA fragment was cloned into complimentary sites of expression vector pQE30 (Qiagen) to generate the N-terminal His-tagged construct pQE30HisTDP. This construct was transformed into *Escherichia coli* M15 strain and protein expression induced with 1 mM IPTG at 37°C for 4 h. Protein concentration was determined using the Bradford method. The induced cell pellet was resuspended in 1× phosphate buffered saline buffer containing protease inhibitor (Roche) and was sonicated. The supernatant fraction was loaded onto a manually packed Ni-NTA column and purified according to manufacturer's instructions. The purified protein fractions were pooled and passed through vivaspin ultracentrifugation unit (10 kDa MWC, Sartorius, Germany).

End labelling of synthetic RNA oligonucleotides:
------------------------------------------------

RNA oligonucleotides were purchased from Sigma Aldrich, and 1 μM of each oligonucleotide was used for labelling using T4 polynucleotide kinase (New England Biolabs) and γ^32^P ATP (PerkinElmer Life Science) using standard protocols.

TDP--RNA binding assay
----------------------

The interaction of different RNA oligonucleotides with GST-TDP (101--261) was assessed by Electromobility shift assay (EMSA). For qualitative binding analysis, 125 nM of GST-TDP (101--261) was mixed with 50 nM of various γ^32^P ATP labelled RNA oligonucleotides. Binding reactions (20 μl) were incubated in 1X binding buffer \[10 mM NaCl, 10 mM Tris (pH 8.0), 2 mM MgCl2, 5% (v/v) glycerol, 1 mM DTT\] at 25°C for 20 min before loading onto a 1.5 mm thick non-denaturing polyacrylamide gel (6%) in 0.5× TBE. Similar experiments were performed where the binding reactions were cross-linked for 2 min using UV (Stratalinker 1800; Stratagene) before loading onto the gel. Gels were run at 100--120 V for 2 h at 4°C. Gels were dried, exposed to autoradiographic film and a cyclone phosphorimager screen was used to allow for accurate quantification.

Determination of dissociation constant
--------------------------------------

The binding affinities of TDP-43 for CLIP34nt, CLIP6 and CLIP34_UG6 RNA oligonucleotides were determined using quantitative EMSA analysis as described previously ([@gkt189-B27]). Briefly, RNA oligonucleotide concentration was varied while keeping the GST-TDP (101--261) protein concentration constant. The dissociation constant (K~d~) was determined using a protein concentration of 25 nM for (UG)~6~ and Clip34nt_UG6, whereas 125 nM of protein was used for the rest of the Clip sequences. The K~d~ was also determined using GST-TDP~mut2~ (101--261), which contains Phe229Leu and Phe231Leu mutation in the RRM2 domain. Quantification of protein--RNA complex was performed with OptiQuant image analysis software (Packard Instrument Co.). The binding curves were plotted and analyzed using Prism (GraphPad software).

Lysine acetylation of His-TDP and His-TDP--RNA complex
------------------------------------------------------

Acetylation of lysine residues of His-TDP (101--261) was carried out under native conditions in the presence or absence of synthetic RNA oligos Which includes (UG)~6~, CLIP34nt and CLIP6. His-TDP and various TDP--RNA complexes were prepared in 0.5X binding buffer \[10 mM NaCl, 10 mM Tris(pH 8.0), 2 mM MgCl2, 5% (v/v) glycerol, 1 mM DTT\] + 100 mM TEAB, pH8.5. In the case of the His-TDP--RNA complex, protein to RNA ratio was adjusted to 1:5. His-TDP (101--261) was labelled with 5 mM acetic anhydride and His-TDP--RNA complex was labelled with 5 mM hexa-deuteroacetic anhydride at 25°C for 1 h, and the reaction was stopped using 100 mM diammonium phosphate, pH8.0. Labelled His-TDP (101--261) and His-TDP--RNA complexes were mixed and subjected to SDS-PAGE. Gels were stained using Coommasie brilliant blue.

In-gel digestion and mass spectrometry analysis
-----------------------------------------------

Acetic anhydride labelled protein samples were subjected to in-gel digestion with chymotrypsin (Roche) at 25°C for 12 h. Extracted peptides were analyzed with electrospray mass spectrometry (Amazon ETD, Bruker) coupled with Easy NLC II (Bruker).

Dried samples were resuspended in 0.2% Acetic Acid in water and analyzed by LC-MS/MS. The chromatography was developed with a discontinous gradient of MeOH from 0 to 65% in 60 or 120 min using a 10 × 0.075 mm column packed with Halo RPamide resin. The column terminated in a pulled electrospray tip, which was mounted with a custom built source (Phoenix S & T) onto a Bruker Amazon ETD mass spectrometer. Electrospray was performed with an applied voltage of 2800--3000 V and nebulizer gas set at 5--6 psi. Alternating CID and ETD MS/MS spectra were collected using standard methods.

The raw MS/MS data was converted to mgf, mzxml and xml formats using Data Analysis (v4.0 SP5, Bruker). During this conversion, the spectra are also deconvoluted, and spectra that did not contain peaks separated by amino acid masses were excluded from further analysis. The resulting files were analyzed using the GPM (version 2.2.1) and MASCOT search engine (version 2.4).

Circular dichroism (CD)
-----------------------

The conformation of GST-TDP (101--261), RNA and GST-TDP--RNA complex was evaluated using a JASCO J-810 spectropolarimeter. All the samples were prepared in 0.5 × binding buffer \[10 mM NaCl, 10 mM Tris (pH 8.0), 2 mM MgCl2, 5% (v/v) glycerol, 1 mM DTT\]. The CD spectrum was recorded from 300 to 198 nm using a cylindrical quartz cell with a path length of 0.5 mm. Firstly, CD spectra of protein, RNA and protein--RNA complex were recorded at a fixed concentration of protein and RNA oligonucleotides. CD spectrum of protein--RNA complex was then subtracted with the respective protein and RNA alone spectra to determine the binding induced conformational changes in RNA and protein, respectively. On the other hand, in the titration experiments, the RNA concentration was kept constant in each reaction and incubated with increasing concentrations of GST-TDP (101--261) protein. The Clip34nt_UG6 RNA was also titrated against various concentrations of GST-TDP~mut1~ (101--261), which contains the Phe147Leu and Phe149Leu mutation in RRM1 domain, and GST-TDP~mut2~ (101--261) protein, which contains the Phe229Leu and Phe231Leu mutation in the RRM2 domain. Individual RNA and protein spectra were also recorded for each concentration and used as a control. CD spectrum for each protein--RNA complex was subtracted from the control protein spectra of the same concentration and then compared with that of control RNA spectra to determine the conformational changes in RNA induced by protein binding. In all the experiments, the spectrum was collected with a scan rate of 20 nm min^−1^ and a width of 1 nm. Scans were repeated three times and then averaged.

RESULTS
=======

Binding affinity of TDP-43 to various CLIP RNAs
-----------------------------------------------

One of the key events that control TDP-43 autoregulation is its interaction *in vivo* with the TDPBR, an ∼600-nt long region, which lies within the 3′UTR ([@gkt189-B19],[@gkt189-B20]). In our previous studies, we identified a 34 nt sequence, named as CLIP34nt, within the TDPBR region as a specific binding site for TDP-43 ([@gkt189-B19]). However, band shift analyses indcated that other sequences within this region were also binding to TDP-43. This observation has functional significance, as autoregulation in a suitable 3′UTR reporter construct was abolished only when the entire TDPBR was removed ([@gkt189-B19]). In keeping with this observation, the recently published iCLIP analysis performed in human brain and cell lines predicted the existence of additional CLIP sequences originated from the TDPBR ([@gkt189-B16]). Based on preliminary sequence analysis according to their length and nucleotide composition, see below, we selected five of these CLIP sequences for further study (see [Figure 1](#gkt189-F1){ref-type="fig"}A for a schematic diagram of their position and sequence within the TDPBR).

During qualitative binding analysis, we found that only CLIP34nt ([@gkt189-B19]) and CLIP6 RNA showed strong binding to GST-TDP (101--261) with and without UV cross-linking ([Figure 1](#gkt189-F1){ref-type="fig"}B and C). On the other hand, CLIP7 RNA showed the binding only after UV cross-linking ([Figure 1](#gkt189-F1){ref-type="fig"}C), while CLIP1 and CLIP5 did not show any visible EMSA shift in either condition ([Figure 1](#gkt189-F1){ref-type="fig"}B and C). This could be owing to the fact that *in vivo* binding of TDP-43 to these other sequences (CLIP1 and 5) may require the presence of additional factors that are not present in the *in vitro* reaction. To explore the interplay between UG and CLIP motifs, we also designed a mutant called CLIP34nt_UG6 ([Figure 1](#gkt189-F1){ref-type="fig"}A, bottom). In this mutant, the non-canonical UG-repeats of CLIP34nt were converted into a perfect (UG)~6~-repeat by replacing the least number of nucleotides ([Figure 1](#gkt189-F1){ref-type="fig"}A). The CLIP34nt_UG6 was found to interact with the same intensity of (UG)~6~ RNA ([Figure 1](#gkt189-F1){ref-type="fig"}B and C), indicating towards the central role played by UG-repeats in TDP--RNA interaction. On the other hand, the GST-TDP~mut1~ (101--261) did not show any visible EMSA shift with any of the RNA oligonucleotide used in this study ([Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt189/-/DC1)).

Subsequently, the K~d~ values for CLIP34nt, CLIP6 and CLIP34nt_UG6 were calculated using GST-TDP (101--261) using quantitative EMSA ([@gkt189-B27]) ([Figure 2](#gkt189-F2){ref-type="fig"}, [Table 1](#gkt189-T1){ref-type="table"}). For this experiment, we also used a GST-TDP~mut2~ (101--261), which was previously shown to bind to UG-repeated sequences in EMSA analysis ([@gkt189-B11]). This mutant was chosen to gain additional quantitative insight in the role played by RRM2 Phenylalanines 229 and 231 in the binding of TDP-43 to CLIPs and UG~6~. Using this mutant, we observed that all K~d~ values for all the CLIP sequences were comparable with those observed for GST-TDP (101--261). This result suggested that, unlike Phenylalanines 147 and 149 in RRM1 ([@gkt189-B11]), the corresponding residues of RRM2 do not play a major role in the recognition and binding of TDP-43 with any of these sequences ([Table 1](#gkt189-T1){ref-type="table"}). Figure 2.Quantitative EMSA analysis of various TDP--RNA complexes. Panel (**A--C**) shows the gel profiles and binding curves plotted using quantitative EMSA analysis for CLIP34nt_UG6, CLIP34nt and CLIP6 with GST-TDP (101--261). Panel (**D--F**) show the gel profile and binding curves plotted using quantitative EMSA analysis for CLIP34nt_UG6, CLIP34nt and CLIP6 with GST-TDP~mut2~ (101--261 F229L and F231L). The concentration (nM) of each probe used to determine the K~d~ is mentioned on the top of each gel. Each experiment was repeated at least three times to plot the binding curves. Table 1.Experimentally determined Kd values of various CLIP sequences in this studyRNA SamplesDissociation Constant (K~d~) \[nM\]GST-TDP (101--261)GST-TDP~mut2~ (101--261)CLIP34nt11297.8CLIP6262160CLIP34nt_UG65.32.1

Finally, it was interesting to note that with GST-TDP (101--261) the mutated CLIP34nt (CLIP34nt_UG6) displayed a K~d~ of 2--5 nM, which is comparable with that of (UG)~6~ RNA ([Table 2](#gkt189-T2){ref-type="table"}) but 10 times stronger than the CLIP34nt ([Table 1](#gkt189-T1){ref-type="table"}), thus confirming the central role played by UG-repeats in the TDP--RNA interaction and in keeping with the data obtained in the EMSA and cross-linking experiments ([Figure 1](#gkt189-F1){ref-type="fig"}B, C and 2A--D). Table 2.Experimentally determined Kd values of various UG-repeatsSequenceKd value (nM)Reference(UG)~1~Could not be determined12(UG)~2~Could not be determined12(UG)~3~3060 ± 210012(UG)~4~115.3 ± 16.6912(UG)~5~30 ± 327(UG)~6~8.0 ± 0.727(UG)~8~2.79 ± 0.1412

Overall, these results are consistent with previous data that showed TDP-43 is capable of interacting with high affinity to single-stranded UG-repeats, with binding strength strongly increasing with the length of these repeats ([@gkt189-B11],[@gkt189-B12],[@gkt189-B27]). Moreover, it was interesting to note that the K~d~ values of CLIP34nt and CLIP6 with distorted (UG/GU)~5~-repeats are comparable with that of (UG)~4~-repeats ([@gkt189-B12],[@gkt189-B27]). Similarly, the K~d~ values for CLIP1, CLIP5 and CLIP7 containing (UG)~1~, (UG)~1~ and (UG)~2~ as a longest UG-repeats, respectively, could not be determined and followed the same trend like (UG)~1~- and (UG)~2~-repeats ([Table 2](#gkt189-T2){ref-type="table"}).

Analysis of the various TDP--RNA complexes using lysine acetylation and mass spectrometry
-----------------------------------------------------------------------------------------

It has previously been shown that Phe147 and Phe149 in RRM1 of TDP-43 plays a major role in interacting with nucleic acids ([@gkt189-B11]). Because Lys145 lies in close proximity to these two active Phe residues, we were able to take advantage of a lysine labelling strategy to determine whether any of the target RNA molecules (UG-repeats and CLIP RNAs) are binding this site or use different faces of TDP-43 to attain stable binding. Importantly, lysine labelling has several advantages, as it has been shown that the reactivity of the ε-amino group of lysine residues is directly proportional to their surface accessibility ([@gkt189-B28],[@gkt189-B29]) and their reactivity can be influenced by factors that change their surface accessibility or alter their pK~a~ ([@gkt189-B30]). Therefore, lysine labelling can provide increased resolution and the ability to pinpoint subtle changes in accessibility as a function of RNA binding.

In our experiments, we found that TDP-43 lysine labelling with acetic anhydride to be robust and gentle and did not interfere with RNA gel shifting at concentration up to 5 mM (data not shown). In addition, binary comparisons can be performed via mass spectrometry using different stable isotope versions of acetic anhydride. The schematic representation of the work flow is shown in [Supplementary Figure S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt189/-/DC1). Briefly, free His-TDP (101--261) was treated with 5 mM acetic anhydride and His-TDP (101--261) in the presence of RNA was treated with equimolar concentration of hexadeuteroacetic anhydride (heavy). The two reactions were mixed, separated by SDS-PAGE and subjected to in-gel digestion with chymotrypsin, which resulted in a mixture of acetylated and heavy acetyl derivative of the same peptides. These peptides were then separated and analyzed by LC-MS/MS. Acetylated and heavy acetylated peptides were identified based on their mass shifts of 42 and 45 Da per lysine residue, respectively. In addition, unacetylated lysine residues were also found indicating that these lysines are buried in the structure and have poor solvent accessibility in the test conditions. To maintain the homogeneity in the text, we used the amino acid numbering as per the full-length wild-type TDP-43. We were particularly interested in the Chym132-147 peptide (^132^MVQVKKDLKTGHSKGF^147^), which contains part of the RRM1 and includes the Phe147 residue required for RNA binding. For our purposes, Chym132-147 was of considerable importance as it originates by the chymotryptic digestion at Phe147, dissecting the active site residues of RRM1, and hence can provide information about RNA recognition and binding. In the case of free His-TDP (101--261), we observed that all the four lysine residues were labelled uniformly with acetic anhydride, indicating that in the absence of nucleic acid, these lysines are solvent accessible. However, in case of His-TDP--(UG)~6~, His-TDP--CLIP34nt and His-TDP--CLIP6 complex, we observed partial labelling of K^145^ (underlined in [Figure 3](#gkt189-F3){ref-type="fig"}) with d~3~-acetic anhydride ([Figure 3](#gkt189-F3){ref-type="fig"}). Comparative analysis of the light and heavy form of this peptide clearly showed that partial labelling of K^145^ was greatly enhanced by the presence of RNA as compared with free His-TDP ([Figure 3](#gkt189-F3){ref-type="fig"}). These results demonstrate that the binding to these RNAs protects K^145^ residues and makes it less accessible for acetic anhydride labelling. All the results obtained using this technique concern RRM1. The role of RRM2 in binding to RNA is still unknown although it has been previously claimed that low affinity RNA or DNA binding may occur through the RRM2 ([@gkt189-B12]). This strategy does not provide any appropriate answer about the role of RRM2 domain in RNA binding because the nearest lysine residue is four residues away and lies on a different chymotryptic peptide. Figure 3.Extracted ion Chromatograms of acetylated His-TDP (101--261). The extracted ion chromatograms for the acetylated chymotryptic peptide ^132^MVQKKDLKTGHSKGF^147^ (Chym132--147) were generated for samples in the absence and presence of RNA. Importantly, the light acetylation was used to label TDP-43 in the absence of RNA (red traces, Peak 'L'), while the heavy reagent was used to label TDP-43 in the presence of RNA (blue traces, Peak 'H'). For each binary comparison, the samples were mixed before chymotryptic digestion and analyzed in the same LC-MS/MS run. The production of the acetylated Chym132--147 peptides from no RNA controls are shown compared with TDP-43 + (UG)~6~ (**A**), TDP-43 + CLIP34nt (**B**) and TDP-43 + CLIP6 (**C**). The *x*-axis shows the intensity of the eluting peptides and, in all cases, the presence of RNA inhibited the acetylation of Lysine145 (underlined) as indicated by the greater intensity of the blue traces relative to the red traces. *y*-axis shows the elution time of these peptides.

Presence of conformational changes in target RNA on complex formation
---------------------------------------------------------------------

The importance of UG-repeats with respect to the interaction with TDP-43 is well documented but the role played by the tertiary structure of various RNA targets has never been studied before. To investigate structural changes on TDP--RNA interaction, CD spectra were collected for GST-TDP (101--261), RNAs and GST-TDP--RNA complexes. A typical CD spectrum with a negative peak at 208 nm and a positive peak at 265 nm corresponds to A-form double-helix conformation in RNA ([@gkt189-B31],[@gkt189-B32]), and a decrease of peak intensities at 208 and 265 nm is an indication of RNA denaturation ([@gkt189-B33]). Far-UV CD spectra of the various RNA oligonucleotides were first recorded at a fixed protein/RNA concentration ([Supplementary Figure S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt189/-/DC1)). All the RNA oligonucleotides displayed A-type helix conformation under experimental conditions except (UG)~6~ RNA. Nonetheless, this experiment clearly showed conformational changes in the case of the (UG)~6~ and CLIP34nt_UG6 sequences, whereas CLIP34nt, CLIP6 and CLIP1 (used as non-binding control) displayed only subtle changes after their interaction with the protein.

To further explore the conformational changes in RNA due to protein binding, titration experiments were then performed in which a fixed concentration of all the four RNA samples \[CLIP34nt, CLIP6, CLIP34nt_UG6 and (UG)~6~\] were titrated against various concentration of GST-TDP (101--261) ([Figure 4](#gkt189-F4){ref-type="fig"}). In case of (UG)~6~ RNA, the peaks (at 275 and 200 nm) were found to deviate from the typical A-type helix spectrum and were of less intensity, presumably owing to its weak tendency towards proper base stacking. A clear reduction in the peak intensities (at 200 and 275 nm) was observed for (UG)~6~ RNA with increasing concentrations of GST-TDP (101--261), and this could be interpreted as a change in RNA conformation due to TDP-43 binding ([Figure 4](#gkt189-F4){ref-type="fig"}A). Compared with this situation, the subtracted CD spectra of CLIP34nt displayed subtle changes at 265 nm, whereas the subtracted spectra of CLIP6 RNA showed that the negative peak at 210 nm (in unbound state) shifted to 200 nm on binding with protein, but the peak at 268 nm remained unchanged. These subtle changes may be because of the presence of comparatively weak interaction of CLIP34nt and CLIP6 with GST-TDP (101--261) with respect to (UG)~6~ RNA ([Figure 4](#gkt189-F4){ref-type="fig"}B and C). Finally, in the case of the CLIP34nt_UG6 RNA sample, it was observed that the intensity at 255 nm decreased with increasing GST-TDP (101--261) concentrations like it was observed with (UG)~6~ RNA ([Figure 4](#gkt189-F4){ref-type="fig"}D). The CD titration experiment was also performed with GST-TDP~mut2~ using CLIP34nt_UG6 RNA, and this mutant displayed the same binding affinity as GST-TDP (101--261) to all the target RNA oligos. The substracted spectra displayed the same pattern like the one observed for GST-TDP (101--261), with just some subtle difference at 15 μM protein concentration ([Figure 4](#gkt189-F4){ref-type="fig"}E). Figure 4.Titration experiments for various TDP--RNA complexes using circular dichroism. Starting from 0 μM (blue), 5 μM (violet), 10 μM (green) and 15 μM (red) of GST-TDP (101--261) were used to perform titration experiments against a fixed concentration of various RNAs. Panels **A**, **B**, **C** and **D** shows the subtracted CD spectra of (UG)~6~ (18 μM), CLIP34nt (10 μM), CLIP6 (9 μM) and CLIP34nt_UG6 (8 μM) in the presence of various concentration of GST-TDP (101--261), respectively. Panel **E** and **F** show the subtracted CD spectra of CLIP34nt_UG6 (8 μM) in the presence of various concentrations of GST-TDP~mut2~ (101--261) and GST-TDP~mut1~ (101--261), respectively.

On the other hand, the subtracted CD spectra of CLIP34nt_UG6 remained almost unchanged when titrated against GST-TDP~mut1~ (101--261) ([Figure 4](#gkt189-F4){ref-type="fig"}F). This observation clearly shows that the observed change in CLIP34nt_UG6 spectra is specific with respect to its interaction with the protein. These evident conformational changes in CLIP34_UG6 RNA can be attributed to the presence of continuous UG-repeats (≥6). Finally, the far-UV CD spectra of CLIP34nt and CLIP34_UG6 RNA revealed that the position of positive peak shifted from 264 nm (in case of CLIP34nt) to 255 nm in case of the mutant CLIP ([Figure 4](#gkt189-F4){ref-type="fig"}F).

Lack of conformational changes in TDP-43 protein on complex formation
---------------------------------------------------------------------

Regarding the effects of RNA binding on protein conformation, it has been shown that during the formation of most protein--RNA complexes, the protein, the RNA and sometimes both can undergo conformational changes such as with the TAR--TAT complex ([@gkt189-B34]) and U1A--RNA complex ([@gkt189-B24],[@gkt189-B34]). However, no such study has been carried out with respect to the TDP-43--(UG)~n~ complex or TDP-43--CLIP complex. Therefore, in parallel to these analyses, we also analyzed the conformational changes in the GST-TDP (101--261) protein itself following RNA interaction using circular dichroism. The far-UV CD spectra of GST-TDP (101--261) alone showed two negative peaks at 208 and 222 nm, characteristic of α-helical structure ([Figure 5](#gkt189-F5){ref-type="fig"}B). It is evident from the CD analysis performed at fixed protein and RNA concentrations that the resultant subtracted CD spectra of GST-TDP (101--261) did not show any significant conformational changes in the presence of the various RNA oligonucleotides ([Figure 5](#gkt189-F5){ref-type="fig"}B--D). In fact, considering that both protein and RNA contribute at 208 nm, even the small changes observed around 208 nm in the subtracted CD spectra of GST-TDP cannot be attributed solely to a change in protein conformation alone. Nevertheless, subtle localized changes in GST-TDP (101--261) conformation cannot be ruled out and more advanced studies (i.e. NMR or radiographic crystallography) might be required to investigate this possibility. To confirm that a significant amount of GST-TDP (101--261) was bound to RNA while recording the CD spectrum, we performed the native EMSA gels using the same samples prepared during CD analysis. [Figure 5](#gkt189-F5){ref-type="fig"}A shows the mobility of free GST-TDP (101--261) under coomassie-stained native EMSA gel (lane 2, marked as 'free'). In [Figure 5](#gkt189-F5){ref-type="fig"}A, lane 3, a faster-moving band appeared in the presence of (UG)~6~ RNA (marked as 'bound'), indicating the formation of a stable protein--RNA complex. As expected, mobility of TDP-43 did not change in the presence of CLIP1 RNA (non-binding control, lane 4), and the addition of CLIP34nt and CLIP6 resulted in the appearance of a smear, which is often indicative of the formation of a weak complex ([Figure 5](#gkt189-F5){ref-type="fig"}A, lane 5--6). The appearance of a well-defined faster-moving band was also observed using this technique for GST-TDP-CLIP34nt_UG ([Figure 5](#gkt189-F5){ref-type="fig"}C, lane 2--3). Figure 5.Circular dichroism analysis of GST-TDP (101--261) in the presence of RNA: (**A**) lane 1 of coomassie-stained EMSA gel shows the mobility of free GST-TDP (101--261) (arrow 1). In lane 2, a faster-moving band appeared in the presence of (UG)~6~ RNA (arrow 2), indicating the formation of a stable protein--RNA complex. Mobility of GST-TDP (101--261) did not change in the presence of CLIP1 RNA (negative control, lane3). Lane ([@gkt189-B4; @gkt189-B5]) shows that the addition of CLIP34nt and CLIP6 resulted in the appearance of a smear indicating the formation of weak complex. (**B**) All the samples from A were subjected to circular dichroism, and no significant changes were observed. (**C**) Appearance of a faster-moving band showing the stable complex between GST-TDP (101--261) and CLIP34nt_UG. (**D**) Far-UV CD spectra of GST-TDP (101--261) in the presence of CLIP34nt_UG.

This data indicates that a significant amount of protein was bound to the RNA while performing the CD spectra. It follows that binding to RNA has negligible effect on TDP-43 conformation, which is the complete opposite situation compared with multi-domain splicing factor U2AF65 that also contains two RRM domains in two distinct 3D arrangements in the absence and presence of a high-affinity RNA ligand ([@gkt189-B35]). Furthermore, the lack of labelling of K^145^ when the protein is bound to the RNA indicate that the interaction is blocking access to this lysine residue rather than the RNA inducing a conformational change in TDP-43, which buries K^145^ in the protein.

DISCUSSION
==========

Protein--RNA complexes are involved in regulating many cellular and viral processes ([@gkt189-B36],[@gkt189-B37]). In this study, we have used EMSA, circular dichroism and mass spectrometry to understand the structural aspects of the interaction of TDP-43 with UG-repeated sequences and non-UG putative binding sites from the TDPBR region of its own RNA. In particular, we focused on five CLIP sequences from the 3′UTR region of TDP-43 pre-RNA owing to the key role they play in TDP-43 autoregulation ([@gkt189-B19],[@gkt189-B20]).

Regarding the two positive hits analyzed in this study, CLIP34nt and CLIP6 were found to contain partial UG-repeats, UGGUGGUG and UGUGGUGUG as the longest (UG/GU)-repeats, respectively. Interestingly, these non-canonical (UG/GU)-repeats in CLIP34nt and CLIP6 can be arranged in several possible ways to form UG or GU sequences and at least four UG-repeats can be found. In fact, CLIP34nt and CLIP6 produce a K~d~ value equivalent to a canonical (UG)~4~-repeat. To further clarify this, we mutated the original CLIP34nt by introducing a perfect (UG)~6~-repeat in the middle of the sequence. This mutated CLIP34nt sequence (CLIP34_UG6) bound to GST-TDP (101--261) with similar affinity to that of (UG)~6~ both qualitatively and quantitatively. The K~d~ values for all the three RNA were also determined using GST-TDP~mut2~ and were found to be comparable with those obtained using wild-type GST-TDP (101--261). These results suggest that the phenylalanines in the RRM2 domain do not play an active role in recognizing and binding with these sequences. Furthermore, K~d~ values could not be determined for CLIP1, CLIP5 and CLIP7 RNA, suggesting that the UG dinucleotides play a central role in TDP-43 recognition and point towards a major role played by RRM1 domain in binding with these sequences. During most of the protein--RNA complex formation, the protein, the RNA and sometimes both undergo conformational changes ([@gkt189-B24],[@gkt189-B34],[@gkt189-B38]). However, there is no experimental evidence supporting any kind conformational rearrangement in case of the TDP--RNA complex. The Far-UV CD spectra of (UG)~6~ and CLIP34_UG6 shows that these RNA molecules undergo a significant conformational change in the presence of GST-TDP (101--261) but remained unchanged in the presence of GST-TDP~mut1~ and provide valuable insights about the binding of UG-repeats and UG-repeat-containing sequences with TDP-43. On the other hand, CD analysis showed that TDP-43 does not undergo any major conformational changes in the presence of RNA, which is in complete contrast to the situation in the PrP where host-encoded stimulatory RNA molecules have been shown to have a role in stoichiometric transformation of PrP^c^ to PrPres ([@gkt189-B39]).

On the basis of the present results and on previous data, which suggested that Phe147 and Phe 149 make aromatic stacking interaction with uracil (U) and guanine (G), respectively ([@gkt189-B27]), we are proposing a binding model for the TDP--RNA complex ([Figure 6](#gkt189-F6){ref-type="fig"}). According to this model, as TDP-43 gets near to an RNA, its RRM1 domain binds and falls off from UG nucleotides present in the sequence ([Figure 6](#gkt189-F6){ref-type="fig"}A). In keeping with this, it should be noted the differential K~d~ values for various (UG)~n~-repeats suggests that off-rate (K~d~) from one or two UGs is fast and hence could not be determined ([Tables 1](#gkt189-T1){ref-type="table"} and [2](#gkt189-T2){ref-type="table"}). Longer repeats would be important in maintaining higher local concentration of UGs, thus providing ample opportunity for TDP-43 to bind another UG once dissociated from the previous one. As a result, the dissociation rate (K~d~) decreases with the increasing length of (UG)~n~-repeats ([Figure 6](#gkt189-F6){ref-type="fig"}B). Finally, it should also be noted that besides the key interaction of TDP-43 RRM1 with a UG sequence, several other factors may influence the binding of this protein *in vivo*. For example, RNA secondary and tertiary structures may also provide another controlling factor during the formation of TDP-43--RNA complex and is well supported by our CD analysis. Furthermore, it has been shown, for example, that TDP-43 does not interact with UG-repeats if they are extensively involved in base pairing ([@gkt189-B40]) and may explain the ambiguity behind the unpredictable nature of TDP-43 binding to apparently long UG-repeats. Figure 6.Proposed binding mechanism of TDP-43 (via RRM1) and multi-site RNA targets containing UG-repeats. In this model, long UG-repeats maintain a high local concentration of UGs, which in turn increases the probability of binding other shorter or single UGs stretches that prevent the protein to diffuse away before rebinding can occur.

Therefore, our results have provided additional information with regard to the way TDP-43 binds to RNA. In particular, an important observation is represented by the ability of TDP-43 to 'unfold' the RNAs it binds in a manner that does not involve ATP hydrolysis. From a practical point of view, our results will be useful in identifying what are the most likely targets for the binding of this factor and provide a mechanistic framework for TDP-43 affects on RNA structure. Specifically, the frequency of UG-repeats near to each other and the low propensity of the sequence to fold into a highly structured RNA secondary structure would be the most important factors when evaluating whether any given sequence represents a strong binding site.

Finally, it should also be considered that all the CLIP sequences analyzed in this study can be found in the 3′UTR of TDP-43 itself and are essential to mediate the autoregulation of this protein. Given the possible relationships between defects at the level of autoregulation and excessive production of TDP-43, which may lead to aggregation and toxic effects ([@gkt189-B41],[@gkt189-B42]), understanding of the binding of TDP-43 to these specific sequences may represent the first step in devising therapeutic strategies based on titring TDP-43 level. Furthermore, the conformational changes that may lead to a prion type of disease leading to aggregation and propagation seems unlikely to happen as TDP-43 in the absence and presence of RNA does not seem to have radical structural changes.
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